In cross-sectional studies, TSH levels within the reference range have been positively associated with blood pressure and adverse serum lipid levels. In a prospective study, we aimed to determine whether differences in TSH levels within the reference range are associated with future levels of blood pressure and lipids. Design: We conducted a prospective population-based study. Methods: In 9709 women and 4644 men without previous thyroid disease who had a baseline TSH level of 0.45-4.5 mU/l, we studied the associations of baseline TSH levels with blood pressure and lipid levels at follow-up 11 years later. Results: Higher TSH levels at baseline were associated with higher systolic (PZ0.002 in women) and diastolic (PZ0.03 in women) blood pressure, non-HDL cholesterol (PZ0.01 in men) and triglyceride (PZ0.008 in men) levels and lower HDL cholesterol levels (P!0.001 in women and men) at followup, but the associations were very modest and not consistent between the sexes. Among people who remained free of thyroid disease, changes in TSH levels during follow-up were associated with concomitant changes in systolic and diastolic blood pressure, non-HDL cholesterol and triglyceride levels (all P!0.001), with similar results being observed for women and men. Thus, blood pressure and lipid levels increased among people with an increase in TSH levels and decreased among people with a decrease in TSH levels compared with people with no change in TSH levels. Conclusions: High TSH levels within the reference range may be associated with modestly higher future levels of blood pressure and adverse serum lipids. TSH levels may co-vary with blood pressure and lipid levels among people with apparently normal thyroid function.
Introduction
In cross-sectional studies, serum TSH levels in the upper part of the reference range, suggestive of relatively low thyroid function, have been associated with high levels of blood pressure, non-HDL cholesterol and triglycerides and low levels of HDL cholesterol (1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11) . Owing to a lack of prospective studies, it is not known whether low thyroid function within the clinically normal range may have long-term effects on blood pressure and lipid levels. In this prospective population-based study, we therefore examined whether TSH levels within the reference range were associated with blood pressure and serum lipid levels after 11 years of follow-up.
Subjects and methods

Study population
In 1995-1997, all inhabitants of the Nord-Trøndelag county who were aged 20 years or above were invited to participate in the second wave of the HUNT study (HUNT 2). In total, 93 898 people were invited, and 65 215 (69%) participated. The study has been described in detail elsewhere (12, 13) . Briefly, the participants completed a comprehensive questionnaire that, among a range of health-related topics, included history of thyroid diseases (14) , cardiovascular diseases (myocardial infarction, angina pectoris and stroke) and diabetes, use of antihypertensive medication and smoking habits. Clinical measurements included blood pressure, height and weight. A non-fasting serum sample was drawn and serum lipid levels were measured in all the participants. The population is considered to be iodine sufficient (15) .
Serum TSH levels were measured in subsamples of the population, including all women aged 40 years or above, a 50% random sample of men aged 40 years or above and 5% random samples of women and men aged below 40 years. In total, TSH levels were measured in 33 948 participants from these samples. We excluded people aged 70 years or above (nZ8412), as few of the older participants attended the follow-up examination. We also excluded people with previously known thyroid disease, cardiovascular disease or diabetes (by selfreport, nZ3651), TSH levels outside the reference range of 0.45-4.5 mU/l (nZ1037) and missing information on blood pressure, serum lipids, smoking habits or BMI (nZ189), leaving 20 659 participants eligible for the present follow-up study.
In 2006-2008, all adults residing in the Nord-Trøndelag county were invited to participate in the third wave of the HUNT study (HUNT 3) (13) , which included the measurement of TSH, blood pressure and lipid levels in all the participants. Among the 20 659 participants in HUNT 2 who were eligible for the present follow-up study, 18 706 still resided in the county, and 14 778 participated in the follow-up examination in HUNT 3. Among them, we included 14 353 individuals whose blood pressure and lipid measurements at follow-up were available.
Baseline examination
In HUNT 2 (1995 HUNT 2 ( -1997 , blood pressure was measured three times at 1-min intervals using an automated noninvasive blood pressure monitor based on oscillometry (Dinamap 845XT; Critikon, Tampa, FL, USA). The mean values of the second and third measurements of systolic and diastolic blood pressure were used in the analyses. BMI was calculated as weight in kilograms divided by the squared value of height in meters.
Serum TSH levels were analysed at the Hormone Laboratory, Aker University Hospital (Oslo), using a noncompetitive immunofluorometric assay (DELFIA hTSH Ultra; sensitivity 0.03 mU/l and total analytical variation !5%) from Wallac Oy (Turku, Finland). The laboratory's reference range for TSH levels was 0.20-4.5 mU/l, but subsequent analyses indicated that 0.50-3.5 mU/l may be a more appropriate reference range for this population (14) . In the present study, the TSH reference range was defined as 0.45-4.5 mU/l, as in a recent study by the Thyroid Studies Collaboration (16) .
Serum levels of total cholesterol, HDL cholesterol and triglycerides were analysed at Levanger Hospital, Nord-Trøndelag Hospital Trust, using enzymatic colorimetric methods on a Hitachi 911 Autoanalyzer (Hitachi) with reagents obtained from Boehringer Mannheim (Mannheim, Germany). As a measure of the cholesterol content of atherogenic lipoproteins, we calculated non-HDL cholesterol levels as the difference between total and HDL cholesterol levels.
Follow-up examination
In HUNT 3 (2006 HUNT 3 ( -2008 , blood pressure was measured three times using a Dinamap 845XT, and the mean values of the second and third measurements were used in the analyses. In 12% of the participants, blood pressure was only measured two times, and for these individuals, we used the second measurement in the analyses.
The participants were asked if they had ever had hypothyroidism or hyperthyroidism. A non-fasting serum sample was drawn, and serum TSH levels (sensitivity 0.01 mU/l and total analytical variation !5%) were measured in all the participants. The methods for TSH measurements at baseline and at follow-up were compared for serum samples obtained from 94 individuals, showing that the two methods yielded nearly identical results. If serum TSH levels were higher than 3.00 mU/l, free thyroxine (reference range 9.0-19.0 pmol/l) and TPO antibody (reference range !5.61 U/ml) levels were also measured. The analyses were performed at Levanger Hospital using chemiluminescent microparticle immunoassays with reagents obtained from Architect iSystem (Abbott Ireland (Longford, Ireland) and Abbott Laboratories).
Serum total cholesterol levels were measured using an enzymatic cholesterol esterase method, HDL cholesterol levels were measured using an accelerator selective detergent method, and triglyceride levels were measured using a glycerol phosphate oxidase method, all with reagents obtained from Abbott. Triglyceride measurements were not performed during the last 4 months of follow-up examinations and were, therefore, available in only 80% of the participants.
Linkage to the Norwegian Prescription Database
The unique 11-digit identity number of every Norwegian citizen enabled linkage to the Norwegian Prescription Database (www.norpd.no), which includes information on virtually all prescriptions to non-institutionalised inhabitants in Norway since January 2004. From this database, we obtained individual information on prescriptions of thyroid hormone (ATC code H03A), thionamides (ATC code H03B) and antihypertensive (ATC codes C02-C03 and C07-C09) and lipid-lowering (ATC code C10) medication.
Statistical analysis
We used a linear regression analysis to study the associations of TSH levels at baseline with blood pressure and lipid levels at follow-up. Thus, we estimated the mean differences (with 95% CI) in systolic and diastolic blood pressure, non-HDL and HDL cholesterol and triglyceride levels at follow-up per 1 mU/l higher TSH level at baseline. Triglyceride levels were log-transformed due to a non-normal distribution. We adjusted for age and smoking status (never, former and current smokers) at baseline. In additional analyses, we also adjusted for baseline BMI (in quintiles) to assess whether adiposity could either confound or mediate the associations (17, 18, 19) . Furthermore, we compared mean blood pressure and lipid levels at follow-up between categories of TSH levels at baseline (0.45-1.4, 1.5-2.4, 2.5-3.4 and 3.5-4.5 mU/l). We used the lowest TSH category (0.45-1.4 mU/l) as the reference and adjusted for age, smoking status and BMI at baseline.
To evaluate whether antihypertensive or lipid-lowering treatment could influence the results, we repeated the analyses after excluding participants taking such medication at follow-up. We also examined whether baseline TSH levels were associated with the use of antihypertensive or lipid-lowering medication at followup, as defined by any prescription of such medication between January 2004 and the date of the follow-up examination (between October 2006 and June 2008). We used a logistic regression analysis to adjust for age, smoking status and BMI at baseline.
To evaluate whether loss to follow-up or thyroid treatment could influence the results, we examined whether the cross-sectional associations of TSH levels with blood pressure and lipid levels at baseline (1, 2) differed between the entire baseline study population and participants who attended the follow-up examination without known thyroid disease. Known thyroid disease was defined as having any prescription of thyroid hormone or thionamides between January 2004 and the date of the follow-up examination or having self-reported hyperthyroidism at follow-up. We used a linear regression analysis to adjust for age, smoking status and BMI at baseline.
Co-variation of TSH levels with blood pressure and lipid levels could explain why TSH has been associated with blood pressure and lipid levels in cross-sectional studies. Among people who remained free of thyroid disease, we therefore examined whether the change in TSH levels was associated with changes in blood pressure and lipid levels during follow-up. First, we used a linear regression analysis to estimate the mean change in blood pressure and lipid levels per 1 mU/l increase in TSH levels during follow-up. Second, we categorised the participants by the change in TSH levels during follow-up (TSH increase O0.50 mU/l, TSH decrease O0.50 mU/l or TSH change %0.50 mU/l) and compared mean changes in blood pressure and lipid levels between the categories, using people with no change in TSH levels (TSH change %0.50 mU/l) as the reference. We excluded participants with known thyroid disease or TSH levels outside the reference range of 0.45-4.50 mU/l at follow-up, and we adjusted for age and smoking status at baseline and the baseline value of blood pressure or lipid variable under study. In additional analyses, we adjusted for BMI at baseline and weight change (in quintiles) during follow-up (19) to assess whether adiposity could either confound or mediate the associations. As some people with TSH levels in the upper part of the reference range may have early-stage hypothyroidism (20) , we also examined whether the associations changed after the exclusion of participants with TSH levels O3.00 mU/l at followup combined with free thyroxine levels !9.0 pmol/l or TPO antibody levels R5.61 U/ml. Furthermore, we repeated the analyses after excluding participants taking antihypertensive or lipid-lowering medication at follow-up to evaluate whether such treatment could influence the results. To examine whether the adjustment for baseline blood pressure or lipid levels could have inflated the estimates, we repeated the analyses without such an adjustment.
We analysed women and men separately. In the analyses of blood pressure, we excluded participants who reported current or previous use of antihypertensive medication at baseline (by self-report). All data analyses were conducted using Stata version 12.1 for Windows (Stata Corporation, College Station, TX, USA).
The study was approved by the regional committee for medical research ethics and by the Norwegian Data Inspectorate, and all the participants gave their informed consent. The HUNT study is a collaborative effort of the HUNT Research Centre (Faculty of Medicine, Norwegian University of Science and Technology), Nord-Trøndelag County Council, Central Norway Health Authority and the Norwegian Institute of Public Health.
Results
The characteristics of the participants are given in Table 1 . Median time between the baseline and follow-up examinations was 11.1 years (range 9.4-12.8 years).
Associations of TSH levels at baseline with blood pressure and lipid levels at follow-up
In women, there was a modest positive association of TSH levels at baseline with blood pressure at follow-up, but not in men (Table 2) . Thus, a 1 mU/l higher TSH level among women at baseline was associated with 0.8 mmHg higher systolic blood pressure (PZ0.002) and 0.3 mmHg higher diastolic blood pressure (PZ0.03) at follow-up. In men, a 1 mU/l higher baseline TSH level was associated with a 0.05 mmol/l higher non-HDL cholesterol level at follow-up (PZ0.01), but there was no association of TSH levels at baseline with non-HDL cholesterol levels at follow-up in women. However, a 1 mU/l higher baseline TSH level was associated with a 0.02 mmol/l lower HDL cholesterol level at follow-up in both women and men (P!0.001). In men, a 1 mU/l higher baseline TSH level was associated with 3% higher triglyceride levels at follow-up (PZ0.008), but there was no association of baseline TSH levels with triglyceride levels at follow-up in women.
We adjusted for BMI at baseline to assess whether adiposity could either confound or mediate the associations. After adjustment for BMI, the associations of baseline TSH levels with blood pressure and non-HDL cholesterol levels at follow-up were not substantially changed, but the associations of baseline TSH levels with HDL cholesterol and triglyceride levels at follow-up were attenuated by w40% ( Table 2) .
We also examined the associations of TSH categories at baseline with blood pressure and lipid levels at follow-up. This categorical analysis showed similar associations as the analysis using TSH as a continuous variable. In addition, the categorical analysis showed a 0.1 mmol/l higher non-HDL cholesterol level at follow-up among women with high baseline TSH levels (3.5-4.5 mU/l) compared with women with low TSH levels (0.45-1.4 mU/l) (PZ0.04; Table 3 ).
To evaluate whether the use of antihypertensive or lipid-lowering medication could influence the results, we repeated the analyses after excluding participants taking such medication at follow-up, but this exclusion did not substantially change the estimates (data not shown). Furthermore, we examined whether TSH levels at baseline were associated with the use of such medication at follow-up, but found no evidence for any association with the use of either antihypertensive or lipid-lowering medication at follow-up (Table 4 ).
Cross-sectional associations of TSH levels with blood pressure and lipid levels at baseline
To evaluate whether loss to follow-up or thyroid treatment could influence the results, we compared associations of TSH levels with blood pressure and lipid levels at baseline between the total study population and participants without known thyroid disease who attended the follow-up examination, but found no substantial differences in results between the groups ( Table 5 ).
Associations of the change in TSH levels with changes in blood pressure and lipid levels during follow-up
We also examined whether TSH levels co-varied with blood pressure and lipid levels during follow-up. Among people who remained free of thyroid disease, the change in TSH levels during follow-up was associated with concomitant changes in all blood pressure and lipid measures except for HDL cholesterol (Table 6) . Thus, a 1 mU/l increase in TSH levels was associated with w2 mmHg increase in systolic blood pressure, 1-2 mmHg increase in diastolic blood pressure and 0.1 mmol/l increases in non-HDL cholesterol and triglyceride levels, with similar results being observed for women and men (all P!0.001). We adjusted for baseline BMI and weight change during follow-up to assess whether adiposity could either confound or mediate these associations. However, the associations were attenuated by only 10-20% after such an adjustment, except for the co-variation of TSH levels with triglyceride levels in women, which was attenuated by nearly 40% (Table 6 ). In separate analyses, we adjusted for season of serum sampling, time from the last meal to clinical examination and serum sampling, arm circumference, smoking habits at follow-up and development of cardiovascular disease during follow-up (by self-report), but the estimates remained essentially unchanged after these adjustments (data not shown).
As some people with TSH levels in the upper part of the reference range may have early-stage hypothyroidism, we repeated the analyses after excluding participants with TSH levels higher than 3.00 mU/l at follow-up combined with TPO antibodies or low free thyroxine levels, but this exclusion did not substantially influence the estimates (data not shown). Also, the exclusion of participants taking antihypertensive or lipid-lowering medication at follow-up did not materially change the results (data not shown). To examine whether the adjustment for baseline blood pressure or lipid levels could have inflated the estimates, we repeated the analyses without such an adjustment, but the associations were either similar or stronger without this adjustment (data not shown).
Among people who remained free of thyroid disease, we also compared changes in blood pressure and lipid levels between people with an increase, a decrease or no change in TSH levels during follow-up. In brief, systolic and diastolic blood pressure, non-HDL cholesterol and triglyceride levels increased among people with an increase in TSH levels and decreased among people with a decrease in TSH levels compared with people with no change in TSH levels ( Table 7 ).
Discussion
In this 11-year follow-up study of 14 353 individuals with serum TSH levels within the reference range, higher TSH levels at baseline were associated with higher levels of blood pressure and adverse serum lipids at follow-up, but the associations were modest and not consistent between women and men. These findings suggest that differences in normal thyroid function may be associated with differences in future blood pressure Table 2 Associations of TSH levels at baseline with blood pressure and lipid levels a at follow-up: mean differences in blood pressure and lipid levels at follow-up per 1 mU/l higher baseline TSH level, by sex. Among people who did not report current or previous use of antihypertensive medication at baseline. and lipid levels, but the strength of the associations suggests that the findings may not be clinically relevant.
Women
The strengths of this study include the large sample size and the population-based prospective design with long-term follow-up. Information obtained at the follow-up examination was supplemented with data obtained from the Norwegian Prescription Database, and the information about the use of thyroid, antihypertensive and lipid-lowering medication at follow-up is, therefore, likely to be accurate. A limitation of the study is that follow-up information was lacking for w30% of the participants who were eligible at baseline. However, the associations of TSH levels with blood pressure and lipid levels at baseline were similar in the total study population and in participants without known thyroid disease who attended the follow-up examination. This observation weakens the possibility that loss to follow-up, or thyroid treatment during follow-up, may have biased the results. Moreover, there was no association of TSH levels at baseline with the use of antihypertensive or lipid-lowering medication at follow-up, and the exclusion of participants taking such medication did not materially change the estimates. The use of antihypertensive and lipid-lowering medication is, therefore, not likely to have substantially influenced the results. Serum TSH levels measured at a standardised time of day might have been a better marker of thyroid function, because TSH levels tend to be higher in the early morning than later in the day (21) . The potential influence of recent food intake on blood pressure and lipid levels does not appear to have biased the results, because the estimates remained essentially unchanged after statistical adjustment for time from the last meal to blood pressure measurement and serum sampling.
Few previous studies have assessed whether differences in TSH levels within the reference range are associated with future blood pressure and lipid levels. However, a study of 10 048 individuals found no association of TSH levels at baseline with the development of hypertension during 5 years of follow-up (7) . Also, a 6-year follow-up study of 1032 individuals Table 3 Associations of TSH categories at baseline with blood pressure and lipid levels a at follow-up, by sex. For each category of baseline TSH, the table shows the mean differences b (95% CI) in blood pressure and lipid levels at follow-up compared with subjects with baseline TSH in the range 0.45-1.4 mU/l. OR, odds ratio. a Among people who did not report current or previous use of antihypertensive medication at baseline.
found no association of TSH levels with subsequent development of the metabolic syndrome, of which hypertension, high triglyceride levels and low HDL cholesterol levels account for some of the components (22) . In contrast, the results of large cross-sectional studies have suggested that TSH levels within the reference range may be positively associated with blood pressure and adverse lipid levels (1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11) . Such a discrepancy between cross-sectional and prospective results may occur if TSH levels co-vary with blood pressure and lipid levels. In support of this possibility, we observed that blood pressure and lipid levels increased among people with an increase in TSH levels during follow-up, but decreased among people with a decrease in TSH levels. Similar to these results, an increase in TSH levels was positively associated with an increase in blood pressure, cholesterol and triglyceride levels in a 3-year follow-up study of almost 6000 individuals (23) .
Changes in thyroid function during follow-up may underlie this co-variation of TSH levels with blood pressure and lipid levels, because an increase in TSH levels may indicate a decline in thyroid function, and low thyroid function may be accompanied by high blood pressure, cholesterol and triglyceride levels (1, 2, 24, 25) . Alternatively, changes in thyroid function, blood pressure and lipid levels may have common causes. Adiposity is one plausible example, because leptin from adipose tissue may stimulate TSH secretion (18) , and adiposity is often accompanied by high blood pressure and lipid levels (26, 27) . In our study, however, the strength of the co-variation of TSH levels with blood pressure and lipid levels was only moderately attenuated after adjustment for adiposity, as indicated by BMI and weight change.
In some people, an increase in TSH levels within the reference range may indicate early-stage hypothyroidism (20) . For two reasons, however, it seems unlikely Table 5 Cross-sectional associations of TSH levels with blood pressure and lipid levels a at baseline: mean differences b (with 95% CI) in blood pressure and lipid levels per 1 mU/l higher TSH level, by sex, in the total baseline population and among participants without known thyroid disease who attended the follow-up examination.
Women Men
Total baseline population (nZ13 Among participants who did not report current or previous use of antihypertensive medication at baseline. Adjusted for age and smoking at baseline and for the baseline value of the blood pressure or lipid variable under study. b Measured in non-fasting serum samples. c A total of 1516 women and 603 men in the analyses of cholesterol levels, 1352 women and 549 men in the analyses of blood pressure levels, and 1181 women and 482 men in the analysis of triglyceride levels. d A total of 1378 women and 767 men in the analyses of cholesterol levels, 1226 women and 693 men in the analyses of blood pressure levels, and 1134 women and 635 men in the analysis of triglyceride levels. e A total of 5643 women and 2913 men in the analyses of cholesterol levels, 5111 women and 2671 men in the analyses of blood pressure levels, and 4509 women and 2364 men in the analysis of triglyceride levels.
f Defined as having TSH levels in the range of 0.45-4.50 mU/l and no known thyroid disease at follow-up. g Among participants who did not report current or previous use of antihypertensive medication at baseline.
that the development of hypothyroidism could explain the co-variation of TSH levels with blood pressure and lipid levels that we observed. First, the co-variation was equally strong in women and men, even though hypothyroidism develops more often in women than in men (20) . Second, the strength of the co-variation was not attenuated when we excluded participants with TSH levels higher than 3.0 mU/l at follow-up who had biochemical signs of hypothyroidism (TPO antibodies or low free thyroxine levels). In summary, the results of this large prospective study suggest that high TSH levels within the reference range may be associated with higher future levels of blood pressure and adverse serum lipids, but the associations are modest and not consistent between the sexes. Among people with apparently normal thyroid function, changes in TSH levels are associated with concomitant changes in blood pressure, non-HDL cholesterol and triglyceride levels, suggesting a co-variation between these factors that warrants further study.
